In this study, an aging treatment was performed to investigate the microstructures and mechanical properties of Mg-10Li-0.5Zn (LZ101) alloy. Experimental results show that the LZ101 Mg-Li alloy exhibits a dual-phase microstructure of (HCP) and (BCC) phases, and has a good ductility. The 723 K solid-solution treated LZ101 Mg-Li alloy exhibits a single structure and produces precipitates after natural and artificial aging. The solid-solution treated specimen has lower mechanical strength and higher elongation than the as-extruded one. The aged specimens exhibit a typical behaviour of precipitation hardening. The maximum tensile strength can reach 188 MPa, 180 MPa and 173 MPa, corresponding to the natural aging of 345.6 ks, 423 K aging of 21.6 ks and 523 K aging of 10.8 ks.
Introduction
Magnesium alloys are considered as potential candidates for numerous applications, especially in transportation vehicles or lightweight enclosures for 3C (computer, communication and consumer electronic) products owing to their excellent properties, such as low density, high specific strength, high damping capacity and high recycle ability. [1] [2] [3] Products from Mg alloys are mainly manufactured by diecasting because of their poor formability. However, the high ratio of defective products in die-casting of Mg alloys will reduce their manufacturing efficiency. Therefore, the development of new Mg alloys with high formability of rolling, pressing and forging is an important issue to improve the manufacturing ability of thin plates of Mg alloys.
It is known that the Mg-Li alloys with Li content of 511 mass% will exhibit a dual-phase structure of and phases. The single-phase structure exists if Li content is greater than 11 mass%. These Mg-Li alloys have excellent formability, as well as extra-low density. [4] [5] [6] But, these alloys exhibit low mechanical strength and are not very useful in engineering applications. Hence, it is an important matter to improve the mechanical property of Mg-Li alloys. Recently, some articles have studied the mechanical properties of MgLi alloys, including the effects of cold working, addition of alloying elements and precipitation hardening. [7] [8] [9] [10] Hsu et al. have also investigated the natural aging of Mg-Li-Al-Zn alloy.
11) However, to the author's knowledge, there is no paper reporting about the precipitation behaviour of Mg10Li-0.5Zn (LZ101) alloy. Hence, the LZ101 Mg-Li alloy is prepared in the present study, and its crystal structure, mechanical properties and precipitation behaviour are systematically investigated.
Experimental Procedures
Melting of LZ101 Mg-Li alloy was processed in a high frequency electric induction furnace equipped with vacuum capability and inert argon gas was employed. The cast alloy was analyzed with ICP-AES (Induction Coupled Plasma Atomic Emission Spectrometry) apparatus, and its chemical compositions are shown in Table 1 . Cast rods with a diameter of 200 mm were extruded to be plates with a thickness of 10 mm at a billet preheating temperature of 493 K. The specimens for various testing were carefully cut from these extruded plates. Specimens for solid-solution and aging treatment were sealed in evacuated quartz tubes, solidsolution treated at 723 K for 7.2 ks, quenched in water, and then aged at room temperature, 423 K and 523 K for 0604:8 ks, 028:8 ks and 021:6 ks, respectively.
Optical microscope (OM) and scanning electron microscope (SEM) were employed for microstructure observation. X-ray diffraction (XRD) was utilized for the identification of crystal structures. TEM observations were conducted with a JEOL 100CX II electron microscope operating at 100 kV. Specimen hardness was measured by a MicroVickers tester with a load of 50 g for 15 seconds. For each specimen, the average hardness value was calculated from at least ten test readings. The mechanical properties, involving the tensile strength and elongation, were examined with a tensile tester. Three tensile tests for each specimen were carried out, and their results exhibited no obvious difference. Figure 1 shows the OM microstructure of the as-extruded LZ101 alloy. It exhibits a dual-phase microstructure of and phases. As shown in Fig. 1 , the particles of phase are quite diverse in their shapes and sizes. The extruded specimens were solid-solution treated at 723 K for 7.2 ks and then quenched in water. As shown in Fig. 2 , the solid- To better understand the precipitation behaviours of this LZ101 alloy, the aging temperatures are set to room temperature, 423 K and 523 K in this study. Their corresponding aging times are 0604:8 ks, 028:8 ks and 021:6 ks, respectively. Figures 3(a)-(h) show the XRD patterns of various as-treated LZ101 specimens. The XRD spectra in Fig. 3(a) exhibit that both and phases coexist for the as-extruded specimen. In Fig. 3(b) , only XRD spectra of phase can be observed. These results are consistent with those shown in Figs. 1 and 2 . In Figs. 3(c)-(h) , the XRD spectra of both and phases can be observed for various aging conditions. These results indicate that the solidsolution treated LZ101 alloy will produce precipitate after aging at room temperature, 423 K or 523 K. Meanwhile, the XRD intensities of phase, such as the (101) and (002) peaks, are found to increase with increasing aging time, no matter the aging temperatures. This feature is reasonable because more quantity of precipitate has been produced for a longer aging time. According to Mg-Li-Zn ternary phase diagram, 12) the solubility of Zn element in both Mg and Li matrix exceeds 0.5 mass%. Hence, no precipitates related to Zn will occur within the LZ101 alloy in this study. Actually, the main purpose of adding 0.5 mass% Zn into Mg-10Li matrix is to enhance its corrosion resistance, although these Zn atoms may also have the effect of solid-solution strengthening.
Results and Discussion

Figures 4(a)-(b), (c)-(d) and (e)-(f)
show the SEM microstructures of precipitates after aging at room temperature, 423 K and 523 K, respectively, for the solution-treated LZ101 alloy. As shown in Figs. 4(a), (c) and (e), a lot of fine particles of phase have precipitated within the matrix in the early aging periods at various aging temperatures. The particle sizes of precipitates have obviously grown up with increasing aging time, as shown in Figs. 4(b), (d) and (f) . As compared to the particle sizes of precipitates in Figs. 4(a)-(f) , it can be clearly seen that the precipitation rate of phase is rapider at higher aging temperatures. It is worthy of mention that the precipitates in Figs. 4(a) -(f) exhibit a needle-shape, which grows in specific crystallo- graphic directions or planes of the matrix, and are similar to Widmanstätten structures. Kim et al. 13) demonstrated that the existence of Widmanstätten-type phase in the matrix would strengthen the squeeze-cast Mg-Li-Al alloy. Therefore, the precipitation hardening of phase for the LZ101 alloy in this study is expected and will be discussed later.
The TEM bright-field image and selected area diffraction pattern (SADP) of precipitates for the LZ101 alloy aged at room temperature for 345.6 ks are shown in Figs. 5(a) and (b), respectively. The longitudinal length of needle-shape precipitate is about 3 mm. The lattice parameter a and c/a ratio are calculated to be 0.32 nm and 1.616, respectively. Furthermore, the planar = inter-phase boundaries with an irrational crystallographic orientation have been reported by crystallographic analysis. 14) Figure 6 shows the specimen hardness versus aging time for the solution-treated LZ101 alloy aged at room temperature, 423 K and 523 K. As shown in Fig. 6 , the solutiontreated LZ101 alloy can clearly exhibit the precipitation hardening at various aging temperatures. In Fig. 6 , one can also find that the specimens aged at room temperature can have higher peak hardness, although it has a longer aging time of 345.6 ks. This phenomenon is reasonable because the growth rate of precipitates is quite slow at room temperature. On the contrary, the 423 K and 523 K aged specimens can reach the peak hardness after aging of 21.6 ks and 10.8 ks, respectively, due to the rapid growth of precipitates. Figure 7 shows the mechanical properties of the as-treated LZ101 specimens. As Fig. 7 showa, the solid-solution treated specimen exhibits lower mechanical strength and higher elongation than the as-extruded one. Besides, the mechanical strength increases significantly after aging at room temperature, 423 K and 523 K, though the elongation decreases. These results exhibit the typical behaviour of precipitation hardening. The maximum tensile strength can reach 188 MPa, 180 MPa and 173 MPa, corresponding to the room-temperature aging of 345.6 ks, 423 K aging of 21.6 ks and 523 K aging of 10.8 ks. Based on these results, it is understood that the (HCP) precipitates can increase effectively the mechanical strength of LZ101 alloy. Besides, these aged specimens can still exhibit excellent ductility due to the ductile matrix of (BCC) phase. Hence, the elongations at break for these peak-aged specimens are still higher than 40%.
Conclusions
(1) The as-extruded LZ101 alloy exhibits a dual-phase microstructure of and phases. The 723 K solidsolution treated specimen has a single phase with equi-axial grains. The aging treatment at room temper- ature, 423 K and 523 K for the solution-treated LZ101 alloy will produce the precipitates within the matrix. The precipitate exhibits a needle-shape, and has lattice parameter a of 0.32 nm and c/a ratio of 1.616. (2) The solid-solution treated LZ101 specimen has lower mechanical strength and higher elongation than the as-extruded one. The aged specimens have a large quantity of fine precipitate and exhibit a typical behaviour of precipitation hardening. The maximum tensile strength can reach 188 MPa, 180 MPa and 173 MPa, corresponding to the room-temperature aging of 345.6 ks, 423 K aging of 21.6 ks and 523 K aging of 10.8 ks. These age-hardened specimens can still exhibit excellent ductility due to the ductile matrix of phase.
